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Long-range order in the form of water clusters is what gives liquid water, ice and gas clathrates
their particular properties. Liquid water, made up of hydrogen-bonded, cross-linked H2O
molecules, should boil nearly 200oC lower at approximately -100oC instead of at +100oC,
based on its position as a Group VIA hydride together with H2S, H2Se and H2Te. The pres-
ence of cooperative hydrogen bonding between the water monomers gives rise to liquid and
solid phases with considerable long-range order which helps to explain many of their physi-
cal properties. Liquid water is thought to be composed of ’flickering’ clusters of hexagonally
coordinated molecules in which the O-H bonds and the two lone-pair electrons of the oxygen
atom are arranged in a tetrahedrally symmetric fashion. Thus each water molecule in liquid
water, and indeed in Ice Ih, is bound on average by four hydrogen bonds to neighbouring wa-
ter molecules as a double hydrogen bond donor / double hydrogen bond acceptor. Because
the O-HD...OA-H hydrogen bonds form extended networks of alternating donors and acceptors
there is considerable cooperativity which enhances the stability of these networks and is the
explanation for the unusual properties of water, such as its specific heat or boiling point.
All the ice polymorphs consist of variations on the theme of tetracoordinated water molecules
in the form of hexagons. On the other hand, the gas clathrates are composed of tetracoordinated
water molecules hydrogen bonded to give structures formed of edge-sharing pentagons which
are stable under moderate pressures and reduced temperatures, such as are found on the ocean
floor. Deep-sea methane clathrates, produced naturally, are arguably the largest renewable en-
ergy resource available if methods for the recovery of the methane gas without disturbing the
equilibtrium of the oceans could be developed.
This project is centred on understanding the electronic and quantum chemical interactions
which stabilise these hydrogen-bonded water clusters with hexagonal (water and ice) or pen-
tagonal (clathrates) motifs and which give rise to their particular physicochemical properties.
Because it is necessary to study water clusters as large as (H2O)24 at a high level of quantum
chemical theory, it is essential to use computational facilities such as those available on the
IBMSC-Jump machine at NIC in Ju¨lich.
1 Introduction
Accurate electronic models of the molecular structure of liquid water are necessary not
only in order to understand the behaviour of water itself but are also particularly important
for the modelling of biologically significant molecules such as proteins or nucleic acids
which are hydrated in aqueous solution, being surrounded by a structured solvation shell
of water molecules. Modelling of the behaviour of the aqueous solvation shell made up
of hydrogen-bonded water molecules is critically dependent on correctly parametrising the
force-fields used for molecular mechanics (MM) and molecular dynamics (MD).
The methane clathrates, which are found in the deep oceans1, represent a large, poten-
tially usable renewable energy resource as the methane is produced by radioactive decay
from the earth’s core2. Clathrates are, however, unstable at ambient temperatures and
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Figure 1. Schematic picture of the various ice polymorphs reported.
pressures so that an understanding of the physical chemistry of these supramolecular ag-
gregates is required in order to able to extract them without disturbing the environmental
equilibrium. Explosive de-gassing of a large body of methane clathrates would lead poten-
tially to an environmental disaster as methane CH4 is a highly effective ’greenhouse’ gas.
Methane clathrate under high pressure is also thought to be the source of the methane in
Titan’s atmosphere3.
Whether one is dealing with liquid water, ice or gas clathrates, cooperative effects
between hydrogen-bonded water molecules are highly important in determining physical
behaviour as well as the electronic properties of these supramolecular aggregates.
2 Background
Liquid water is thought of in terms of so-called ’flickering clusters’ of hexagonal, inter-
locked ring systems made up of six hydrogen-bonded water molecules4. This produces
some long-range order even in liquid water at ambient temperatures, extending on average
out to at least the second or third hydration shell, as evidenced by radial distribution func-
tions determined from X-ray or neutron scattering experiments5, 6. The degree of structur-
ing detected by NMR chemical shifts is temperature dependent. The various polymorphs
of ice represent an extension of the use of a hexagonal motif in forming a solid structure
with very considerable long-range order and, interestingly, a density some 10% less than
that of liquid water. Fig. 1 gives a schematic overview over different ice polymorphs as
determined by X-ray and neutron diffraction. All of these are based on a hexagonal six-
membered ring of water molecules as the structural motif.
On the other hand, gas clathrates are made up of edge-fused pentagonal arrays of water
molecules7, 8, hydrogen bonded to one another so that there is a repetitive donor-acceptor
pattern. The structure for the sI methane clathrate in shown in Fig. 2 with two views at
right angles to one another.
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Figure 2. Structure of the methane clathrate taken from X-ray data.
3 Cooperativity
Cooperativity may be defined as occurring when the total effect, for example, stabilisation
energy, exceeds the simple, additive sum of the individual, isolated effects, e.g., the inter-
action energy between two water molecules in the water dimer, making up the total. The
term cooperativity may also be applied to hydrogen bonding in water clusters, in which the
electron density and its Laplacian at the bond critical point (BCP) for each hydrogen bond
are greater than those observed for the water dimer.
Cooperativity may be thought of as synonymous with synergism. This is most clearly
seen in the physical synchronisation, or phase-locking, of the O–H vibrational stretching
modes in the calculated IR spectrum for water clusters. Cooperativity or synergism are
also responsible for the very large OH-stretch IR red-shifts, of the order of 500–600 cm-1,
observed for large water clusters both experimentally and theoretically. The physical basis
for this cooperativity expressed as synchronisation of the O–H stretching vibrations in liq-
uid water, lies in ultrafast relaxation (approx. 4 pS), a short Fo¨rster radius and consequently
highly efficient resonant intermolecular transfer of vibrational energy9, 10.
3.1 Electron Density Topology
An analysis of the electron density topology for a relatively weak interaction such as a
hydrogen bond can provide extensive information on the type of bonding present. The
electron density distribution is obtained by generating a wave function file in Cartesians,
followed by an analysis of the shape of the three-dimensional electron density surface,
i.e., its topology. Four types of non-degenerate Morse critical points can be distinguished.
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All critical points are charactersised by a rank and signature. A bond critical point (BCP)
has a rank of 3 and a signature of -1, abbreviated to (3,-1), meaning that the surface is
three-dimensional and that there are two negative curvatures and one positive curvature
at critical point. A BCP represents an electron density minimum along the axis joining
the nuclear attractors, and a maximum in the plane orthogonal to this line. Other critical
points are associated with rings (3,+1), cages (3,+3) and nuclei (3,-3). Bader has proposed
an electron density partitioning system involving the zero-flux condition which he has
incorporated into his ’Atoms in Molecules’ theory - the so-called AIM theory11. This
partitioning scheme has the advantage that it is mathematically and quantum mechanically
more rigorous than other methods for partitioning electron density space. The value of
the electron density and its Laplacian (equation 1) at the BCP enables a distinction to be
made between a ’shared’ interaction – typical for a covalent bond – and a ’closed shell’
interaction - characteristic of weaker interactions such as hydrogen bonding, electrostatic
and van der Waals type interactions. A negative Laplacian indicates a relative excess of
charge at the BCP, characteristic of covalent bonding or a shared interaction, and a positive
value the reverse, typical of a closed–shell interaction.
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Cooperativity is manifest by shortening of the H...O hydrogen bond donor-acceptor dis-
tance and by an increase in the electron density at the (3,-1) bond critical point (BCP), as
shown in Fig. 3 and Fig. 4, as well as in the Laplacian of rho,∇2ρ(r). Natural bond orbital
(NBO) analysis12 shows increasing orbital overlap for the oxygen lone-pair bonding or-
bital and the O–H antibonding orbital, no =⇒ [O-H]*, with increasing electron occupancy
in the [O-H]* antibonding orbital and enhanced second-order perturbation or Fock matrix
element deletion stabilisation energies, as well as increasing %s character of the lone pair
electrons.
At an atomic level, increasingly cooperative hydrogen bonding in large water clus-
ters is associated with an increased negative charge (electrostatic monopole moment) on
the oxygen acceptor atom, stabilisation of the oxygen atom, with decreased charge (in-
creased positive charge) on the hydrogen donor atom, destabilisation of the hydrogen, and
a marked decrease in both atomic dipole polarisation and atomic volume for the hydro-
gen atom. Increased polarisation of the donor and acceptor in terms of charge, δ − ...δ+,
corresponds with the classical Pauling view of hydrogen bonding. Wave function con-
traction for the hydrogen atom, i.e., a reduction in atomic volume, is very marked as the
strength of hydrogen bonding increases. From a non-bonded value of around 21-22 au for
the hydrogen atom (3.11-3.26 A˚3, equivalent to an atomic radius of approx. 0.91-0.92 A˚),
values of 8-9 au are typical for strongly cooperative environments in tetrahedrally symmet-
ric water clusters. In other highly symmetric, strongly hydrogen bonded structures such as
protonated hydrated carbonyl compounds, atomic volume for the hydrogen atom is further
reduced to as low as 6 au (0.6 A˚3), with atomic dipole polarisation being close to zero.
Increasing cooperativity is more associated with a greater degree of tetrahedral sym-
metry in water clusters, together with occupation of both pairs of H-donor and lone-pair
acceptor sites, than with cluster size alone, once an optimal ring size of five or six water
molecules has been reached. Thus it is no accident that the hexagonal motif in liquid water
and ice, or the edge-fused pentagonal motif in the gas clathrates, both represent a structural
element for bi-coordinated water molecules in which cooperativity is maximised. Although
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Figure 3. Donor-acceptor (-H...O-) distances for the hydrogen bonds in simple rings.
further coordination of the water molecules ultimately giving almost perfect tetrahedrally
symmetrically 4-coordinated waters in the cluster, does not appear to alter the electron
density topological parameters of the hydrogen bond bond critical points (BCPs) by more
than a few percent over and above the values for five or six-membered rings, the effects
on the environment of the oxygen atoms are profound as evidenced by the 17O chemical
shielding tensors, and the 17O chemical shift, as described in the next section.
3.2 Chemical Shielding Tensors
Calculations in our laboratory of the absolute shielding tensor for 17O-water monomer
in the gas-phase at the MPW1PW91/6-311+G(2d,p) level of theory have yielded a value
of 327.3 ppm. This is excellent agreement with the rovibrationally corrected value of
327.7± 0.3 ppm arrived at by Vaara et al.13. Traditionally, attempts at calculating the
17O-NMR chemical shift for liquid water modelled by water clusters at a quantum me-
chanical level have not achieved adequate accuracy compared to the experimental value
for the ice Ih to gas-phase shift of 48.6 ppm14. Indeed, use of self-consistent reaction field
(SCRF) methods such as the polarised continuum model (PCM) or COSMO not only fail
to predict the correct magnitude for the 17O chemical shift but also give the wrong absolute
sign, with upfield shifts for small clusters15–17.
We have recently shown that ab initio quantum chemical methods using a combination
of a hybrid density functional and a Pople triple split-valence basis set with diffuse and
polarisation functions, is able to predict the full range of 17O chemical shift and, inciden-
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Figure 4. Electron density at the BCP for the hydrogen bonds in simple rings.
tally, also the 1H-proton chemical shift, on going from gas-phase water to ordered ice, so
long as account is taken of water coordination geometry, filling all four hydrogen bonding
donor-acceptor sites and ring cooperativity17.
The 17O NMR chemical shielding tensors show a consistent decrease (chemical shift
increases) as ring cooperativity and geometry improve and the water molecule is ulti-
mately tetracoordinated with almost ideal tetrahedral sp3 symmetry. In this case, each
water molecule has two O-H donors and two lone-pair acceptors occupied on the oxygen
atom.
The asymptotic value for the 17O chemical shielding tensor approaches 272 ppm, giv-
ing a chemical shift compared to gas-phase water of 55 ppm. Our results are illustrated17
graphically in Fig. 5 and Fig. 6.
This calculated shift of 55 ppm is sufficient to account for the experimentally observed
values. A deshielding (downfield shift) of 40 ppm is observed experimentally on going
from vapour phase water at 100oC to liquid water at room temperature. Approximately
a further 8 ppm deshielding takes place on going from liquid water to ice Ih, making in
total some 48 ppm compared to the gas-phase value14. At an electronic level, increasing
cooperativity and enhanced tetrahedral coordination result in the oxygen atom becoming
increasingly negatively charged, energetically stabilised, with an increased paramagnetic
component to the shielding tensor and decreased shielding anisotropy, as the electric field
gradient (EFG) decreases.
Our explicit atomic level electronic model of ordered water molecules in liquid wa-
ter and ice provides chemical shift values that are totally consistent with values obtained
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Figure 5. Oxygen-17 NMR chemical shielding tensor in simple rings with a tetra-coordinated water.
experimentally by NMR. In particular, since neither water vapour at 100oC is completely
dissociated nor is ice completely ordered at 0oC, our results currently provide probably the
most accurate model of the electronic environment of the oxygen atom in water permit-
ting not only an explanation of the change in chemical shift on going from water vapour
to liquid, and from liquid to ice, but also a quantitative explanation of the chemical shift
temperature sensitivity in the range 0-100oC. The only other realistic chemical shift values
for water have been provided by combined quantum mechanics and molecular dynamics,
the CPMD approach of Car-Parrinello18, as reported by Pfrommer et al.14 and Pennanen
et al.19. Whereas our ab initio cluster method provides an explicit snapshot of water order
and its electronic environment, the CPMD approach provides a time average for a water
molecule embedded in its solvation shell of neighbouring water molecules.
3.3 IR and Raman Spectroscopy
Cooperative effects in water clusters result in substantial red-shifts in both the IR and
Raman spectra, often amounting to some hundreds of wave numbers. The example of
the heptadecamer (n = 17) cluster is shown in Fig. 7. Increased red-shifting of the O–H
stretching vibration is common to all systems in which extensive hydrogen bond coopera-
tivity occurs20, 22, 21. In larger systems such as hydrated glucopyranose21 or water clusters
the O–H vibrations are strongly synchronised or phase-locked. Scaled values of the IR
and Raman frequencies for large water clusters are extremely good approximations to the
experimental values and spectral shape for liquid water and ice, lying within a few percent
of the spectroscopically determined value (unpublished data).
4 Conclusions
Tetrahedrally coordinated water clusters containing either the hexagonal or pentagonal ring
motif, provide an explicit means of investigating theoretically the physics and physical
chemistry of water at an atomic and electronic level, as found in nature as liquid water,
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Figure 6. Oxygen-17 NMR chemical shielding tensor in small ring systems and large water clusters. The effects
of ring size and coordination, defined in terms of hydrogen bonding, on the chemical shielding tensor in water
clusters. Reference values for the water monomer and dimer are shown in black; two-coordinated water molecules
in single ring systems are shown in blue; and tetrahedrally four-coordinated waters in cooperative clusters are
shown as red diamonds.
Figure 7. Calculated IR spectrum (scaled) for the heptadecamer water cluster, shown as inset.
ice or in the form of gas hydrates. Water is an extremely polar liquid which shows exten-
sive long-range order even in the fluid phase, and is characterised by a network of highly
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cooperative hydrogen bonds giving rise to synchronisation of the O–H vibrational modes.
Clarification of the detailed physical properties of water at atomic and sub-atomic level
remains a pre-requisite to understanding its unique role as the solvent without which bio-
logical life as we know it would not exist.
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